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AB8TMCT

Plane- mission perfbrmanm is premntid fm small, low power Solar El@z$c
Ropuluion spawmft lauded on a Delta 11 (7926) launch vehicle. The
planetary miaaion8 prwentad !n this paper am those that appear moat
attractive fw a small, lowcost solar electric pmpulaion mission. Theaa mimiona
include comet and main W astmid rendezvous and high energy outer solar
system flyby m!askma, all isquidng a large AV cxmwnitment km the
pmpulaion fiiyetem. The outer molar @am miaaiona include solar probe
missions using a Jupitar gmvity aaalot and flyby miaidona to small outar Bohr
syatam tmdies, IaoMed in this paper are exaroplw of haliitric tranafer
trqjeotmim and astknatao  ofperfbnnanw fbr 8aktad targate for eaoh clam of
rnbmion.

INTRODUCTION

A vigorous oxandmtion  of planetary miadona wing  arndl, lowcoet apaoeamft  is oumntly
undanvqy in the aerospaoe  oonunurd~. The intent h to devalop a program of small
inaxpenniveplanetary  rnkwiorw that would complement largwplanetarymisaions  andpmvide
mom fhquent mhwion opportunities fbr the idenoe oommunity. Three lowcoet missions will
be launched by either a medium #a.M launch vehicle such as a Delta II (7825) or other small
expendable launch vehicles and will deliver mall chemical pmpukdon tapacacmft with a dry
maen between 100 and 400 kg. Mhough many scientifhlly  intimating planetay  midcma
can be pdbnned  wiug oonvantional chamioal propulsion, some pmpoeed planetary mhmiona
will require long flight timeB and poeaibly multiple PIesetsry gwity ansist trqjectdes  to
deliver even a small scienoe payload.

Tha curxwnt interest in @brining  these small, lowooet planatay mhudons haa spumd  the
examination of tha use of small, low power 6=10 kW solar electric pmpulaion (SEP) ays~ma
for theee plane~ mimiorm HMorioal  impedimenta to the we of S* electric propulsion
fm planetary missions include development cost end risk due to the uncertainty in the

● ‘b research described in this paper waa petiormtad by the Jet PropuIBion Laboratory,
California Instituta of Tdanology,  under contract with the National Aaronautioa and
space MndnihatiorL
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advertised pefitmnance,  reliability and lifetime of these eytrtemsi  Advances in electric
propulsion thwter technology and a pmpoeed  flight test of n Xenon ion thrustir  will do
much to reduce the cwt and *k of using ion propulsion systems for planew fissions. The
electic propulsion thruatara for these *p pkmtary epaoecraft will be either 8egmentad ion
thrusters proposed by J. Brophy at JPL’ or 80 cm Xenon thmetirs used in pa8t SEP mission
studies at JPL and the NASA Lmvi8 kt8emh (knter  (Id?()). A ]OW power 6-10 kW SEP
spacecraft would use a medium Delta U claw launch vehicle. For more ambitious rnkmiona
a larger 10-20 kW SEP tiystem and an Mmnediate class launch vehicle suoh as an Atlas IIA
are nece6eary.  Only those planehry miasioM using a 6 kW SEP spacecraft and a
Delta II (7925) launch vehicle are considered in thi8 paper.

SOLAR ELECTRIC PROPULSION CONSIDERATIONS

Three’ main benefits of UBing solar electric propulsion for those mimhne oonaidmd are
Axtar flight times, mom hquent target acwidbihty, and use of a Bmaller launch vahicb
than that required by a cmnpamible  chemioal pmpulaion  misaim.

For i.natzuw small SEP rendezvous miaaiozu to comets and mainbelt aateroide are
aocompliahed  without uain,g camplex gravity aeaisted trajectories mch aa those raquired fbr
a bdi8tic rnis8ion.  AB an example a mainbelt asteroid mndazvoua mission to a target Buoh
aa Vests can be done in two to 2.6 years with a SEP powered apaeacraft as oompared with
a flight time of four yeara or mom required far a Mara gravity aedat bti8tic  rnisaion. A more
diveme selection of targeta and mom flwquent launch oppotiunitietr  is also available fw a 6EP
spacecraft for many oomet and raainbelt asteroid mis~ione. I

PoBBible  disadvantages ta the use of SEP inolude wncerns with the reliability of the thmsetiru
due to the extended thmt times charactdstic of SEP mimionB and the mom intensive
navigation and guidanca tbotbne required dwing miseion operation. The environmental
infraction between the eleotric propulsion thruatara and the ecienoe payload i6 another ianue
that must be addmaed fm theee ByBtims.

SEP powered spacecraft may alBo be used for planetary orbitm missions  although the flight
“the and delivew capability of SEP aa oompared with conventional them.id propulsion ie
not aB great ae fm the mall body rendesvoua miaaionao  Oubr planet orbiter mleaiona using
SEP tier require additional chemical pmpulaion for the orbit insertion maneuver ainca
these low power SEP ayBternB have inafiaent power to fimction at Miocantric dbtancea
gmakr than around 2.6 AU. For these missione the SEP system is likened ti a high energy
upper Btage augmenting the haunch vehicle. The 6EP propulsion system and pomib~ also the
BIolar array is jettisoned following final thrust shutdown to reduce the burden on the mtm,
propukion System. These same consideration apply to a ]eseer extent b terrestrial pknet
orbiter KdBBiOIU ereept the solar array would be retained to provide power for spa-
operations while in orbit, The perfoxznance advantage of SEP over mnventional chemical
propulsion may be only marginal or not exist at all for terrestrial planet orbitar missions
however.

Other okmes of planetary SEP IAJSiOM not mnsidered in this paper include a near Earth
aataroid rendezvous mission. MB fimdon is performed quite adequately by a small low
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power SEP spacecr~  although the payload provided by a @mall chemical pmpulaii
qxmcraft  ia probably nuf!lcient  fm thie miaeion,  A near E* aiatimid sample mtum or a
oomet sample return is another candidate fm a emall SEP mission. Another mission, very
MECUIt to do with n chemical pmpuldon epaoecraftbut pomibly enabled by a SEP qwxmft,
is that ofa multiple mak belt Wemid rendezvous. l%ds rnimion also in not addxwsed in this
paper but canaidemble  mrk he been done pmioualy ta illustrate this SEP capabfity?
These IA mkdona more likely require a larger I@ 20 kW SEP and an intermedia~ &ao
launch vehicle such as an Atlas IIA and would not ap~ar  b fall inti  the low coet mimion
Oabgory. ,

SEP PERFORMANCE

Perftmnanm for the planetwy mitaaione in this paper wu oalculatad  aseuming a simplified
mode of opemtion of the SEP ayat8m. TM model aasumes that the thruetem operati at a
oonstant speoific impulee and afilclancy WM the variation of array output power affbobg
only the thrust level. !I%aae effbctive values of IIpdfic impulue and affioknoy wem selected
to give e@valent pdxmanm for the Vests aataroid rendazvoua rnh~ion used aa an example
in Refemnm 2. The ef%otke values of spdfk impulsa end efficiency* a SEP syatam are
fimctioru of the Bohr amay power led, thnutm tlmttling charactadatica annbqjec~
pmflle  and consequently vary for each miesion, therdbm the perfbrmanoe
paper ohould h ueed with caution. The delivery capability should be indicative Ofaxpec;d
near tam SEP perfbrmenca and should provide a good indication of misaim feaaibiIity
however. Probably the !lmt SEP misaim to be flown may well operate with a higher pwer
mltw array power and with angines that have lower effective valuea of specific hnpulae and
eftlciency Iower thoee wed in thi~ papal,

The SEP system aammed for the rnhiona in thh paper in modeled with a oonatant specific
impulse of f1000 second and an eflkiancy of cxmvemion of electric to jet power of 60%, The
pmpulaion system mass, which includee the 5 kW solar may, waighs 275 kg with an
additional allowanca of 16% of the axpended propellant  included for SEP propellant tank
Thin tankage allowance appeam typical fm Mrage of the %enon propellant. The dar array
output power of 5 kW used in the tr@ctary emulation ie the effective power raeasurwd  at

. 1 AU. To account for environmental and other degmdation factaa the beginning of life or
BOL eolar array power io 10 to 20 pemant higher, A fixed ~wer demand of 260 watta M
allocated for spacecraft houaekaeping dudng the miaaion.

The net spacecraft mass” hukding the twience payload is typically about 200 kg for theee
&w ooat planetary xnhdonso To acmmmodata launch periods of 20 ~ or mom and to allow
for additional launch vebiole and SEP petiormance contingencies, a net spaMMwaft anam of
around 300 kg ti adopbd aa a crkwion for a viable SEP mission.

Eaoh of the following stMons pnment petiormance  for a particular aet of SEP planetm’y
rnhiona, These missions are preeented with the most attractive SEP mimione oonaidemd

“ Net opatecraft mars is defined an the dv cpaceemft  mm at the end of the mhaion less the
pmpuhion system mans.
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fwBt. Exlmustive comparisons of SEP and ballistic mimione are not made in this paper since
the entine mission mxmario, including launch vehicle coaha and mission operation, must be
considered in any realistic evaluation and not just the tdectmy  and ddivexy capability aB
pmsentmi in this paper.

MAINBELT ASTEROID RENDEZVOUS

A comprehensive examination of the delivery options available for ballistic mainbelt aatemid
rencie~ous missions has been made at JPL by Chemwan Yen.6 ‘Ms examination showed
a modera~ Munch energy requirement but a very high pmt launch AV requirement of 4 to
6 JurJg fix direct ballistic rendezvous missions b aatemide in the inner mainbelt. To reduce
the high post launch AV re@rement, it is necesseuy to perform one or more &avity aesista
of Mars during the transit to the eahroid. These gravity aeeletsteci trqjectoties have the effect
of reducing both the launch energy and the, peat launch AV that tho ~pacecreft propulsion
muet handle but at the -e of an increaee in flight tirne.” o

The result of wing a SEP system for & dhct  aetemid rendemue miBBion is to decrease the
launch energy and inmaee the post launch energy over that of the dbect ballietic rendezvous
mimion. The high apecKc impulse cherectdstlc  oftdar dectric propdBion  enables the SEP
sya@m to cxmtribu~ much mom fidently to the total required mission  energy than a
chemical pmpdsion  system, &k army power and minhnum throttling capability oftha SEP
thruetem define the mtxhnum Miocantric  dietance wheq the prmpulaion systam is effective.
The 6 kW SEP syetem described in this paper limits the available aetemid targeta ta the
inner mednbelt with rendeavoue  distances less than around 2.6 AU&em the sun.

An illustration of the heliocentric trajectory
for a 2,1 year reradezvoue mkion to the
aateruid Veata is shown in F@m  1 to the
right. The trqjactary shown in this ~ does
not contain any intermediate mast arcu and
the SEP spacecraft thruata oontinuouely fivm
huh to mndezvOUB,  Many  of theee aetamid
madeavo~ @ectotiea do contain ahmt mast
am however. The tlight time fm tldo Vests
miseion b typical for estaroid mndezvow
missions to the inner mainbelt  with net
delivery memes around 800 kg. It ia possible
ti reach other large eatekroide euch es CeraE
fhrther out in the main Mt by increeaing the
solar army power however the aet 8pacecmft
maeg in this caee will be axuddembly be
than the desired 300 kg,’

A survey of performance fm large Inner
mainbelt eetemide is presented in Figure 2.
The ordinate in this figure is launch date and
the abscissa is the flight time required for
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delivwy ofa net spaoecraftmam of SOO kg. Except aateroid 43 Ma&e,  all the targeta shown
in Figure 2 have rndii pea~r thaa 60 km, TM figure fflustratis M.h the attractive target
availability and fiwquency oflaundh opportunity fbr eelected targetu available b even tb.ici
small low power SEP spamcmfk Ckmerelly there tit launch opportunities to any of the
ta.rgeta shown in FiguM 2 evwy 15 h 16 month,  however only about evem Mrd launch

opportunity haa acceptable performance, Aa an example attractive launch opportunitim exist
ta the aetaroid Vests in 2001,2004 end 2008, Aateraiti with large ecantAcity will show
more variation in pdhmanm between launch opportunities than will a2temid2 mwh aa
Veda with low MWiriOity.

COMET RENDEZVOUS

Randemnu midans  b eomata and mainbelt ae~ids have tdal miedon energietl that are”
oonqmrable, however the division of T&don energy between the launch and poet launch
miseion phqses i2 Mbrant for theee twe types ofmhmiona becau2e  of the much higher orbital
wzentdcity of short period oometa. The best petiommnce ie maliaed for cometu having orbits
with low inclination and with a perihelkm dietanee around 1 AU. Since mudh of the mhwion
energy fm balliatie mlaakme b obtained km the launch phaee of the mission the -t launch
AV mquiremen~  are &an quite rnodeet, The use of Earth amd Venus gmvity aasieted
tmjties for theee balliutic oomet mdezvoua mhmions effectively reduces the energy
requirwnenti on M launch vehicle and enables the w of smaller launch vahiclew fa this
mission, ‘h keep the pwt launah AV as low an poaoible,  them ballistic mieeioan tkquently
rendezvous with the oomet around aphelion at 4 to 5 AU or greatar.

The same constraint apply to 8EP &met mndezvouo miosionB aa to mainbelt as-d
Iwndemoua  mimiona with reopect to thruutkg at extended heliocentric dietanotw.  If thrusting

5

.-



0 4 - 1 1 - 1 9 9 4  13:13 8 1 8  3 9 3  6 7 5 2 L I BRARY P.09

IAA-L-0706

isconetrained todistances of2.6AU orlessfmm thesun, then rendezvous with tie comet
must occur within one year of comet perihelion. To obtain’ etilcient performance for a SEP
comet mndenouB mhskm, thrusting near comet perihelion is newnmry and mndemouz with
the comet occum after comet perihelion. Pre=pdhelion rendewouz with the comet generally
axtracte a considerable performance penalty. Although them may be a pair of launch
opportunities a year apart, generally comet launch opportunities CMUr appmximatdy every
five to six yeara coxrwponding to the orbital period of the comet. 13ecauze of the limitad
performance hn these wrdl, low power SEP Byetems, adequate spacecraft petiomnance is
only pomible with low id.nation  comets with perihelia less than around 1.6 AU,

An example of a SEP comet rendezvous ,. . . . . . .
trqjectary b the comet Kopff b shown in

,’ “.., ‘ ● !(OPFF
FSgum & This trajectory mode ia rolled .

● .
an indirect, pout perihelion rendezvous

. . ,
fJince the spacecraft maketa more than one

. ,

Ml revolution about the mm befm “
. .

rendemmue with the comet. Thie : .
trajectory mode offere much fhribility f~ ~

*

cornet r e n d e z v o u s  mhione IBinca the  :
-T ,

~

,

/

.

phasing between the Earth and the amet ● .
.

RE-m
is handled by vaxying  the aphelion . Mm
d.istanm during the initial part of the ‘.

W.””**”. .
, .

trajectory following launch thun allowing ● . ; ● “:
acceptable performance for each oomet , ,.IAm”
launch Opportunity. The long Coazt m

. ,
●

“, Hla .“”
appearing bthetw@ckuyinFig umSie , .
quite ~on on the comet r8ndemNuzl

“8 ““*.*”
,  tmjectarkim

m*k903~m

Fffmt3, ZCKX)bme! bpfl RerdwvouB
Net  epacxwmft mess fm the eelected
short @od comet misaione h shown in Figure 6 on the next page. The rendezvous psition
on the cornet orbit iz optimal or cccum at a thrust cutaff dietarw of 2,6 AU where the
available array power haa decmaaed to a point iaeufllcient for furthar  thm,wbr operation, The
comet targetz shown in Figure 6 include several CRAF comets selected for their scientific
intzmat plus others with low perihelion and orbital inclination. There are comet launch
opportunities with adequate performanu of 800 kg or greatar in nearly aIl the years covered
in Mgure 6.

hothar potential comet mizsion is that of a comet nucleus sample return minion. However
none of the comet ndeeione shown in Figure  6 have dfkient petionnance  for a sample
Mum nikmion. A remet BWtlp)6 return mission has been examined in the peat for higher
power SEP systems that use an intmnediate  or large launch vehicle such ae an Atlas HA or
~tan ~~entad. l%ese nample return miesiona would only we the SEP eystem b
rsmlewmz with tie comet, The mtu.m phase of the mission would be accomplished with a
separate chemical propubion @yatem with a direct atmospheric entry at the Earth, The mass
requimmenta  at comet mrdazvous fm a sample return rnksion dictate a minimum of at least
a 10 kW SEP system and an Atlas IIA launch vehicle.
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OUTER MLAR  SYSTEM FLYBY MISSIONS

The mnall, low powerSEP oystams diecwwed in M paperoannot deliveraigrdflcant  payloada
on direct flyby trajectories much beyond 4 AU in a masormble  amount of time, To tranafer
to o~ecti at the diatanoe. of Jupitar and beyond with adequata p@tmnance, a gmvity
aseiatad tr~ectory using either Venue or the Earth ie neammry. These ~ectarien  allow the
spaoecmft to achieve the wlditional haliocentdc energy nec8ss~  fw this miseion, Even with
a gravity assist of the E@h them is a little wtiormanoe advantage in using a SEP aybtim
in place of a conventional chemical systam in pdonning an outir planet orbitarmimion. The
maeon fm this is that a low energy ardval at the target ia necessary to accommodate the
ohemical orbit insertion maneuver. At leaet fw Jupiter and Saturn o~ter misaims the
delhmy capability of a SEP spacecraft may be only marginally bettar than that of an
equivalent ballistic ndBdon, Use of a SEP oystem fm fhat, high energy flyby mkwiona to
o~ecta at Jupiter’s di~tance or beyond appeam more attractive. The ability of a SEP system
to thruet both hfom and after E* mringby msulta in tha addition of a significant amount
of energy to the tr@MOryo

Them are many intemMng outar solar aystam tlyby mkiona that may prove attractive fm
a small low-power SEP spacecraft, At the dietanoe of Jupitar them are the T@m astamids
and mom digtant, a large cometary My Schwaesxnann”WaAnmn.n  L bcatad farther out at
around the diotance of Satuxn them h the large aatamicl 2080 Cbirwn, Mom dietant b the
intemoting asteroid 6146 Pholua and finally them are o~eob at the diatanoe of Neptune and
beyond that include thenewly dieoovemd aatemid 1992 QB1. Another outar eolar eystem
target is the planet Pluto and k satdlib  Chamn, A cloee obsemation  of even one of these
oljects Aould be ve~ scientifically rewarding.

One high energy !nhwion that does not fit into the above categories ia that of a solar probe
mis~ion. This mission would use a gravity emiat at Jupiter to plma the apawmft  into an

7
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orbit inclined 90 degrees to the solar equator that passes at a distanw of four solar radii from
the SW, The hyperbolic excese speed rsquired at Jupi*r for a solar probe mission is around
13 lends and the swingby diEtance at Jupiter ie at nine to 10 Jupiter radii.

lb example of the @ectary  fm a high
energy Earth gravity assiet outer mlar
system flyby rnhion  is shown in
Figure 6 for a 6.5 year flyby tr@ectory to
the aateroid Chimn. Only that portion of
the tr~ecto~ is shown that ie less than
around 2.6 AU where thrwting occum.
The mmainderofthe  trqjectmy to Chimn
in ballistic and along essent ia l ly  a
etraight  line to Chimn,

There are several coa8t arcs in the initiel
tranafer phase of this tmjactory and
there ia considerable thmeting fbllowing
the Earth wingby. Note that this
trqjectcxy passes a short die@.nca inside
the orbit of the Earth. TMB ~ m**mmiplm
charaotenstic  of all poet perihelion Earth
mvingby trqjectcniea e n d  la m o r e F@Jre& 64Year 2cmc?hnFt@ypmmounoed for higher energy miEEionE
ouch ae thoee to Pluto. The ooneequence
of theee thruet em inside 1 AU is UI greatly incream the demands on the SEP thrust syetem
as compared with the other mkwimw previously presenbd in thi8 paper. This demand on the
tit systam could imply that additional thwtam would need M be added to oatia& the
titar Metime conetminta.  Consequently the propulsion sy~tem mamen used in thiu paper
may be too tamall  for this class of missions end the accompanying perftmnanoe  estimatas may
be too 0@d8tiCo

A pefionnance  aummmy of the variouB representative outer BQhM system flyby m.issiona
discumed  above la shown in Mgure 6 on the next page. The petionmnce for each target ie
pmmntad en a fiction of flight time. Only a dngle point ie shown for the solar probe
rnhion sinoe that mission is constrained by the flyby conditions at Jupiter. Perfommnce ie
included for two launch opportunithi  for both Chiron end PhohM BinceI both objecti have
orbiti with eansiderable ecumtricity or inclination and performance varies oonoiderably  with
launch opportunity. Although adequata performance iE achievable for the Chiron flyby
mission, the net delivered sp~craft maas la less than adequata for the mission to Pholua.
Only one launch opportudty ie ehown for the other objects in this figure einoe these objecte
have either such low eoumtricity  that the performance doeB not vary d~icantly fmm year
b year (&hwassmenn-Waehmann  1) or are so fkr out in the 8olar system that theI po8ition
of the object does not change much over the 10”year period covered by the mission capability
map shown in Figure & Not all pomible missions are Bhown in this figure; flyby missions
to the ‘bjan estaroide, for insbce, are not irhded. The performancxi fw a flyby mimion
to theee bodies should about the same as that for the Schwassmann.Wachmann 1 comet
mission however,

8
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Flgure6. ,CMbx Sal&’ System Flyby Mklcxm

SUMMAW
This paper has preeented the mtit attractive misdone  fm a ilrst generation small, low-power
SEP spacecraft. The main intent in tbio paper is b how the flexibility and viability in tar@
aeledon awdlable for a lowcoat plaxaetary program using a small, low-power SEP apaoecraft.

The spacecraft petiormxwa prtmentad in this paper ia b-cd upon expected near-tam
perf’ormenoe of ion bombardment thruetarm however the net mww perforrnanoe eotimates
Bhould  lw used with dkwetmn‘ since the calculated petio~ tionlyaaeatemti
models of thrua~r and may parametam that are used in the trajeckn’y aisnula-. Mora
@able pe~ mtinmtas fm theme phmetaty mimiona will depend upon better
knowledge aad mcdeling of both thruetera and solar arrays.
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